Xylose isomerase (EC 5.3.1.5) The enzyme has been isolated from many microorganisms and is well studied.2'3) Genes from E. coli,4) Bacillus subtilis,5) Streptomyces violaceoniger,6) Ampullariella^and Actinoplanes missouriensis8) have been sequenced. The crystal structure of Actinomycetes xylose isomerase, an (a//?)8-barrel, has been re- solved.9'10) Because the isomerization is reversible, the final fructose content depends on the reaction temperature. A higher temperature gives a higher fructose content. Recommended temperatures for commercially available xylose isomerases are about 60°C. Xylose isomerase with increased fructose production (per gram of enzyme) at higher temperatures might be Corresponding author. 221 found in thermophilic microorganisms. 1 1} Clostridium thermohydrosulfuricum can grow anaerobically at temperatures up to 76°C.12) It produces a thermophilic xylose isomerase with an optimumtemperature around 85°C, and an optimum pH of 7. This paper describes the cloning and characterization of the C.
thermohydrosulfuricum xylose isomerase gene to increase the enzyme yield and to facilitate protein engineering.
Materials and Methods
Strains andplasmids. E. coli MV118413) was grown in 2YT13) at 37°C and transformed by the method of Hanahan.14) C. thermohydrosulfuricum ATCC3322312) was grown at 65°C by the method of Melasniemi15) with xylose as a carbon source and medium supplementedwith 1 g/1 NH4C1 and 0.03 g/1 CoCl2. Plasmid pIWl 1 containing the B. subtilis xylose isomerase gene was kindly provided by Hollenberg.5) Cloning and sequencing. Genomic C. thermohydrosulfuricum DNAwas extracted as follows: a frozen cell pellet (0.4g) was dissolved in 4.5ml of 50mM pH 8, 200mMNaCl, and 100mMEDTA, and lysed with 1% SDS (15min, 60°C In Fig. 2 the amino acid sequence of C. thermohydrosulfuricum xylose isomerase is aligned with four other sequences. The C. thermohydrosulfuricum enzymeis more similar to that of E. coli (52% amino acid homology) and B. subtilis (71%) than to that of the Actinomycetes (< 30%). The A. missouriensis sequence is very similar to Ampullariella (93%) and is not shown.
Resolution of Actinomycetes xylose isomerase crystals with bound substrate by Carrell et al.9) (Fig. 3a) , and Collyer and Blow10) ( 
Ampullariella. Numbers are for the C. thermohydrosulfuricum enzyme and correspond to the numbers in Fig. 3 . Boxes indicate active site amino acid residues. Dots under the sequence mark amino acids which are conserved in all five sequences compared. Collyer10) are well conserved. This suggests that both models indicate amino acids important for activity, irrespective of the orientation of the sugar molecule. These conserved active site residues are not situated in one domain, but are spread out along the primary structure.
Hence few regions of homology are found.
Expression of the cloned gene
The gene was cloned into plasmid pUC1 1813) for expression in E. coli under control of the inducible lac promoter. A 2.2 kb Psfl-Hindlll fragment, with 100 nucleotides upstream and 800 nucleotides downstream the coding region, was inserted in the Smal site of the lacZ gene. After transformation, xylose isomerase levels reached 40 U/l during stationary phase, roughly a 4-fold increase compared with that of C.
thermohydrosulfuricum (Table II) . Endogenous activity of E. coltwas not detected. Thus the xylose isomerase produced by E. coll appeared to be fully active. The small arrow indicates the xylose isomerase band.
Purification of the xylose isomerase Purification of the enzyme produced by E. coli was rather straightforward. Heat treatment at 85°C for lOmin of cell-free extract in the presence of fructose and Mn2+gave a 20-fold purified enzyme as judged by specific activities of the enzyme before and after heat treatment (Fig. 4) as constituting the active site are found in similar positions in all five sequences from different microorganisms compared. The amino acid sequence of the C thermohydrosulfuricum enzyme shows a high homology (71%) with the B. subtilis enzyme. Hydropathy plots ofxylose isomerase from C. thermohydrosulfuricum and B. subtilis are almost the same, except for the 30 NH2-terminal amino acids (data not shown). In this region, the enzyme from B. subtilis is more hydrophobic, while the enzyme from C. thermohydrosulfuricum has more charged residues. The glycine content of the C. Further experiments are under way to study the stability and usefulness of C. therrnohydrosulfuricum xylose isomerase for fructose production.
